Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by cell death of upper and lower motor neurons (MNs). The cause of MN cell loss is not completely understood but involves both cell autonomous and non-cell autonomous mechanisms. Numerous molecules have been implicated to be involved in the death of MNs. One such candidate is semaphorin 3A (Sema3A). In ALS patients, Sema3A was shown to be significantly upregulated in the motor cortex and downregulated in the spinal cord. In the mouse, Sema3A was shown to be an axon repellent molecule for MNs. Sema3A could also induce death of different neuronal types that are also repelled by it, including sensory, sympathetic, retinal, and cortical neurons. In contrast, astrocyte-specific knockout of Sema3A results in motor neuron cell death, consistent with the idea that Sema3A is a survival factor for mouse motor neurons. Here, we tested the response of human cortical neurons and spinal cord MNs to Sema3A. We found that Sema3A enhances the survival of spinal cord MNs. In contrast, Sema3A reduces the survival of cortical neurons. Thus, both upregulation of Sema3A in the cortex, or downregulation in the spinal cord of ALS patients is likely to directly contribute to MNs cell loss in ALS patients.
Background
Amyotrophic lateral sclerosis (ALS) is a late-onset, progressive and fatal neurodegenerative disease that affects both cortical (upper) and spinal cord (lower) motor neurons (MNs) 1 . The degeneration of MNs leads to muscle atrophy and, eventually, death from respiratory paralysis, typically within 5 years of diagnosis. Around 5% of ALS cases show the dominantly inherited familial form of ALS, and several mutated genes have been found associated with the disease 2 . However, most cases of ALS are sporadic. Currently, no effective treatment is available for ALS. The molecular basis for motor neuron dysfunction is not well understood, however clearly non-cell autonomous mechanisms play a critical role in this process 2 . One strategy to decipher the molecular mechanisms affecting motor neuron loss in ALS is by looking for factors with positive or negative functional roles during motor neuron development. One such example is the guidance molecule Semaphorin 3A (Sema3A). Sema3A is a member of a family of proteins, best known to function as axon chemo-repellents during development of various cells including spinal MNs 3 . Moreover, Sema3A was shown to induce cell death in different neuronal types including sensory, sympathetic, retinal, and cortical neurons, but not spinal MNs [4] [5] [6] [7] . In contrast to its effects on other neurons tested so far, it seems that Sema3A functions as a survival factor for mouse spinal motor neurons, since deletion of this gene only in astrocytes results in MNs cell loss. Moreover, in vitro addition of Sema3A improves mouse spinal MNs survival 8 . Accumulating, although somewhat conflicting studies, link Sema3A directly to ALS. First, in a mouse model of ALS, Sema3A is upregulated in neuromuscular junctions (NMJs) of fast fatigable muscle fibers 9 . Consistent with this, neuropilin1 (NRP1), the obligatory binding receptor for Sema3A, is also upregulated in this model in axonal terminals of the neuromuscular junctions 10 . Moreover, using blocking antibody for NRP1 administered twice a week from age 40 days significantly delayed and even temporarily reversed motor functional decline while prolonging the life span of SOD1G93A mice 10 . Although these discoveries in the mouse system are consistent with a role for Sema3A in ALS, the relevance of these studies in humans is still an open question. Recently, however, it was reported that Sema3A is significantly upregulated in the motor cortex of ALS patients 11 . They also found that in the spinal cord, Sema3A was decreased. However, possibly due to the limited number of patients, this change did not reach statistical significance. Therefore, it remains to be tested whether Sema3A plays a similar functional role in human spinal MNs and cortical neurons survival.
Methods
The aim of this study was to test the effect of Sema3A on the survival of human embryonic stem cell (hESC)-derived cortical and spinal MNs. For this aim, we used hESC and differentiated them in vitro into cortical or spinal MNs populations. After validation of the identity of the neuronal populations, we used FACS analysis and immunofluorescence to evaluate the impact of Sema3A treatment on neuronal survival. To make sure the effects we detected were specific, we used as a control, a functional NRP1 blocking antibody in conjunction with Sema3A treatment.
Cell culture hESC lines HES1
12 and HB9-GFP 13 with normal karyotypes were used within passages 21-35. HB9-GFP, carrying GFP under the promoter of HB9, was kindly provided by Dr. Kevin Eggan. Colonies of hESC were grown on HFF feeder cells in a KO-DMEM supplemented with 14% KO serum replacement, 1% nonessential amino acids, 1% glutamine, 0.5% penicillin/streptomycin, 0.1 mM β-mercaptoethanol (all from Gibco-BRL, Carlsbad, CA, USA), and 4 ng/ml of bFGF (Peprotech Rocky Hill, NJ, USA). hESC colonies were passaged every 6-7 days manually or using collagenase type IV 1 mg/ml (Gibco-BRL) for 1.5 h/37°C. hESC were cultured at 37°C in 5% CO 2 and 5% O 2 . U87 cells were obtained from ATCC and grown according to their recommendations.
Generation of human spinal MNs
Differentiation of hESC into spinal cord MNs was performed using a previously published protocol with slight changes 14 . Briefly, hESC colonies were detached from the feeder cells using collagenase type IV, collected, centrifuged, and resuspended in NSC medium (DMEM: F12 supplemented with B-27×1, N2x1, 1% nonessential amino acids, 1% glutamine, 0.5% penicillin/streptomycin (all from Gibco-BRL), heparin 1 mg/500 ml 14 , and distributed into 6-12 low cell attachment well plates to avoid adhesion. For neural induction, NSC medium was supplemented with 5 μM SB431542 (Biogems, Westlake Village, CA, USA) and 500 ng/ml Noggin (Peprotech) for the first 6 days. At day 6, SB431542 and Noggin were omitted, and the neural precursor cells were further cultured in NSC medium supplemented with 1 uM retinoic acid (Sigma-Aldrich, St. Louis, MO, USA), 1 µM cAMP (dbcAMP, Sigma), and 5 ng/ml FGF2 (Peprotech) for 3 days and then 500 µM purmorphomine (Biogems) was added. From day 13 until 25-30, the concentration of retinoic acid and purmorphomine was reduced to 0.5 µM and 250 µM, respectively. At day 30, the neurospheres were dissociated using Accutase (Gibco-BRL) for 0.5 h/37°C and single cells or small clumps were plated on coverslips precoated with poly-D-lysine (10 μg/ml) and laminin (4 μg/ml) and further cultured in NSC medium containing 10 ng/ml h-BDNF, h-GDNF, h-IGF1 (all from Peprotech), and 10 μM DAPT (Sigma). The medium was replaced every 2 days with fresh factors along the whole protocol. Cells were cultured at 37°C in 5 CO 2 and 5% O 2 .
Generation of human cortical neurons
HES1 line and HB9-GFP hESC were used for differentiation toward cortical neurons using a previously published protocol 15 . Briefly, hESC were differentiated into neural precursor cells by addition of SB431542 and Noggin to the NSC medium as described in the protocol for MN differentiation. From day 6, we added to the medium 10 ng/ml h-BDNF, h-GDNF, h-IGF1 (all from Peprotech), and 1 µM cAMP (db-cAMP, Sigma). At day 30, the neurospheres were dissociated using Accutase (Gibco-BRL) for 0.5 h/37°C and single cells or small clumps were plated on coverslips precoated with poly-Dlysine (10 μg/ml) and laminin (4 μg/ml), and further cultured in NSC medium containing 10 ng/ml h-BDNF, h-GDNF, h-IGF1 (all from Peprotech), and 1 µM cAMP (Sigma). The medium was replaced every 2 days with fresh factors along the whole protocol. Cells were cultured at 37°C in 5% CO 2 and 5% O 2 .
Flow cytometry
Cells were washed with PBS, and incubated with Accutase for 10-15 min at 37°C. The cells were dissociated into single cells by pipetting, washed with FACS buffer containing PBS, 1% BSA, and 0.1% sodiumazide and filtered. Cortical neurons were fixed by 4% paraformaldehyde for 10 min, permeabilized by 0.2% TritonX in PBS for 10 min, then washed with FACS buffer and stained for 30 min with the primary antibody antiTbr1 (sc-376258, Santa Cruz Biotechnology Inc., USA, 1:20). The cells were then washed with FACS buffer, centrifuged for 5 min/3500 rpm, resuspended and stained for 30 min with the secondary antibody donkey antimouse Cy2-conjugated (Jackson Immunoresearch Laboratories, Jackson, PA, USA). Control cells were incubated with the secondary antibody only. After secondary antibodies staining, the cells were washed with FACS buffer, centrifuged for 5 min/3500 rpm, resuspended, and analyzed. Live cells were gated using propidium iodide (Sigma). HB9-GFP hESC-derived MNs were analyzed by GFP signal. Undifferentiated hESC and GFPnegative cortical neurons were used as negative controls for gating GFP-positive MNs. At least 10,000 live cells were acquired for cell-associated immunoreactivity with the FACS Caliber system (Becton-Dickinson, Immunocytometry Systems) and were analyzed with FCS Express 3 (De Novo software).
FACS sorting
Neurospheres enriched with HB9-GFP MNs were washed with PBS and then dissociated with Accutase for 20-40 min. The cell clumps were dissociated into singlecell suspensions by triturating. Cells were washed once with PBS to remove the Accutase, treated with 100 units/ ml DNase (Sigma) for 10 min at room temperature, and strained through a 70 mm cell strainer (BD Biosciences). Cells were washed and resuspended in NSC sorting medium as described in the protocol for MNs differentiation with the addition of 1% FCS to 5 million cells/ ml. Cells were sorted with a FACSAria II (BD Biosciences) with 80 mm nozzle at~20 PSI and were collected in NSC growth medium containing 2% penicillin/streptomycin. Cells were centrifuged and resuspended in fresh growth medium containing growth factors for plating, or RNA was extracted from cells pellet.
Immunocytochemistry
Immunocytochemistry was performed using standard protocols. Cells were incubated overnight at 4°C with primary antibodies. The following proteins were evaluated: Tbr1 (ab31940, Abcam, 1:500), HB9 (81.5C10, DSHB, 1:80), CHAT (AB144P, Millipore-Merck, 1:200), Olig2, β3-Tubulin (Sigma T8578, 1:1000), (AF2418, R&D, 1:80), Anti-NRP1 (GTI5036, Neuromics, 1:200). All antibodies were diluted in PBS containing 5% serum and 0.1% Triton X-100. The cells were washed the following day and incubated with Cy3-, Cy2-, and Cy5-conjugated antibodies (Jackson Immunoresearch Laboratories) for double-staining experiments, and processed for visualization using standard protocols.
Sema3A preparation
Media conditioned by HEK293 cells, transiently transfected with human Sema3A or mock-transfected cells, were collected. Sema3A included a myc tag. Concentrations of the Sema3A were evaluated by western blot by comparing to a protein carrying a myc tag with a known concentration using anti-myc antibody (D84C12, Cell Signaling Technologies, Danvers, MA, USA, 1:1000), and secondary antibodies (Jackson Immuno Research Laboratories).
Impedance measurements
For each experiment 30000 cells were plated in each well of an E-Plate L8. The cells were then incubated in the iCELLigence system (ACEA Biosciences, Inc., San Diego, CA, USA). The iCELLigence with the cells were incubated in a 37°C, 5% CO 2 incubator overnight. Impedance data were collected continuously. Approximately 24 h after incubation, the plates were taken out of the incubator for addition of the semaphorins and immediately returned to the incubator. The data were analyzed using the RTCA Data Analysis Software 1.0. To calculate the normalized cell impedance index, we measured the area under the graph for each treatment. We defined the area of measurement from the point of adding the treatment up to an hour after the treatment.
PCR analysis
Total RNA was extracted from cells by 5 PRIME PerfectPure RNA Purification kit (Gentra Systems, Inc.). cDNA was synthesized with qScript TM cDNA Synthesis kit (Quanta biosciences, Beverly, MA, USA) according to the manufacturer's instructions. RT-PCR was performed with PerfeCTa SYBR ® Green FastMix (Quanta Biosciences, Inc.). Primers used are:
PlexinA1: 5′-TTTCCCTGCCACTGGTGCAAATAC-3′, and 5′-TTCCACACGACTGACAGGTTCACT-3′; PlexinA2 5′-TGCATCCCAGCAGCATCTCAGTAT-3′ and 5′-GTTGGTGGGCACTGCAGTTGTAAA-3′ PlexinA3 5′-AGCGAGTGCCAGTTTGTAAGGAGA-3′ and 5′-GGCAGTGCTTCCATTGATGATGCT-3′ PlexinA4 5′-TTCATGGACTCTTGCTCCACGTCA-3′ and 5′-ATCTCCTCGCTGTATTTGCCCACA-3′ Neuropilin1 5′-ACCCGCACCTCATTCCTACATCAA-3′ and 5′-AAAGTCCGCAGCTCAGGTGTATCA-3′
Neuropilin2 5′-AATTTCTTGCGGCTGCAGAGTGAC-3′ and 5′-ATGCAGTTCTCCAGTGGGACATCA-3′
Statistical analysis
All experiments were performed at least three times unless otherwise indicated. Data are presented as means 1 SD or SEM. Statistical significance was calculated using GraphPad. Instat software using one-tailed unpaired Student's t test for comparison between two groups. A p value of <0.05 was considered significant.
Results

Generation of human spinal MNs
To generate spinal MNs, we used a human embryonic stem cell (hESC) line, which expresses GFP under the control of the promoter of HB9, a motor neuron-specific transcription factor 13 . Hb9-GFP-hESC were differentiated into MNs as described in Fig. 1a and the "Methods" section. Differentiation of hESC was monitored at different time points using Olig2, HB9, and CHAT, MNs specific markers (Fig. 1b, c) . Supplementary Fig. 1 ). More mature MNs express CHAT, and at later stages downregulate HB9. To monitor the state of MNs maturation, we also stained our cultures with CHAT. As expected, over time more MNs expressed CHAT and less expressed HB9 (Fig. 1b) .
Generation of human cortical neurons
To test the effects of Sema3A on human cortical neurons, we used human embryonic stem cells lines Hb9-GFP-hESC and HES1 (at present there is no protocol for generating cortical motor neurons and thus we had to settle for total cortical neurons). Following 25 days of the differentiation protocol (see "Methods" section and Fig. 2a) , the cells were plated for the maturation stage. To monitor the differentiation of cortical neurons along the differentiation protocol, we stained our cultures with Trb1 at day 5, 14, 25, and 32 of differentiation (Fig. 2b, c) .
Human spinal MNs and cortical neurons express the Sema3A receptors
Sema3A functions via a hetero-receptor complex composed of at least two obligatory subunits, the binding subunit NRP1 and a member of the PlexinA family. Blocking antibodies for NRP1 are sufficient to block Sema3A activity 16 . However, the functional receptor must also include at least one member of the PlexinA subgroup 17 . To verify that human neurons can potentially respond to Sema3A, we first tested whether hES-derived spinal MNs express any of the known receptor subunits for Sema3A (Fig. 3a) . RT-PCR analysis of cultures with HB9-positive cells, or from more mature cultures with CHAT-positive neurons revealed that human spinal MNs expressed Neuropilin1 and 2 and PlexinA1-4. Similar results were also detected with HB9-positive FACS sorted cells.
RT-PCR analysis further revealed the presence of Neuropilin1 and 2 and PlexinA1-4 in hESC-derived cortical neurons (Fig. 3a) . Thus, in both MNs and cortical neurons, we detected the expression of all components of the receptors needed for Sema3A activity. Since our cultures do not contain a pure population of neurons, we confirmed the expression of NRP1, the obligatory binding unit, in motor neurons (Fig. 3b) and cortical neurons (Fig. 3c) by immunofluorescence.
Sema3A functions as a survival factor for human motor neurons
To verify the activity of Sema3A, we utilized an impedance-based approach, which we recently developed 18 . In this system, cells are seeded onto specialized plates, which integrate with microelectronic sensor arrays. The interaction of cells with the microelectrode surface generates a cell-electrode impedance response. Sema3A responsive cells, such as U87MG, can be monitored for a rapid change in impedance, probably induced by the rapid cytoskeleton change generated by this protein. We thus utilized this system to verify that the Sema3A used in our study is active (Fig. 4a) . We next tested the survival effects of this protein on MNs.
To test a possible effect of Sema3A on MNs, we generated hESC-derived MNs. However, our cultures do not contain a pure population of MNs. To overcome this limitation, we tested the survival effects of Sema3A exclusively on the MN fraction using the reporter HB9-GFP hESC-derived MNs. The cultures were treated with Sema3A, Sema3A with NRP1 blocking antibody, or control for 72 h and then the fraction of HB9-GFPpositive MNs was analyzed by FACS (Fig. 4b) . Our results clearly showed that Sema3A significantly increased the percentages of MNs in the population probably by enhancing their survival. This activity was inhibited completely by a blocking antibody for NRP1, the obligatory binding receptor for Sema3A, indicating this activity was specific. We verified this result by monitoring the survival of HB9-GFP MNs by florescence microscopy (Fig. 4c) . Once more we detected a significantly increased survival of the HB9-positive cells following Sema3A treatment, indicating that indeed Sema3A increased the survival of human spinal motor neurons. We did not detect any increase in the percentages of MNs positive for activated caspase-3 (Fig. 4d) . However, consistent with the increased survival detected in the presence of Sema3A, when testing only the CHATpositive cell fraction, we did find that treatment with Sema3A reduced the number of CHAT-positive cells, which are also positive for activated caspase-3 (Fig. 4e) , thus, indicating that the survival effect of Sema3A is more likely to influence more mature spinal motor neurons.
Sema3A reduces the survival of cortical neurons
To test the effect of Sema3A on cortical neurons, we treated the human-derived cortical neurons obtained from the HES1 hESC line with Sema3A, Sema3A with anti-NRP1 blocking antibody, or control for 72 h and analyzed the fraction Tbr1-positive cells by FACS. In contrast to spinal MNs, the percentages of cortical neurons treated by Sema3A were significantly reduced compared to control (Fig. 5a ). Blocking Sema3A with anti-NRP1 inhibited this effect. To verify that this difference in response is not related to the hESC line used, we also tested cortical neurons obtained by differentiation of HB9-GFP hESC line. Cortical neurons generated from this HB9-GFP hESC line responded very similarly to Sema3A treatment as cortical neurons obtained from the HES1 line (Supplementary Fig 1) . To verify the results, we also used florescence microscopy to monitor the survival of Tbr1-positive cortical neurons treated with Sema3A (Fig. 5b) . Once more we detected a reduction in the survival of the Tbr1-positive cells, indicating that indeed Sema3A induced the death of human cortical neurons. Consistent with these results, we also detected an increase in the number of cortical neurons that were also positive for cleaved caspase-3, indicating that Sema3A indeed induced apoptosis in a subpopulation of the human cortical neurons (Fig. 5c ). Taken together, our results demonstrate that, similar to mouse neurons, Sema3A functions as a death signal for human cortical neurons and as a survival factor for spinal MNs.
Discussion
The involvement of Sema3A in the pathogenesis of ALS has been suggested in a number of studies using ALS models in mice with some conflicting results 10, 19 . Since many core biological processes and genetic elements are conserved between human and mouse, these findings in mice are considered suggestive. Nevertheless, one cannot ignore the fact that other biological features have diverged substantially between mice and humans, leading to phenotypic differences and poorly correlated physiological responses between them 20 . Therefore, it is critical to expand our knowledge on ALS in humans. The involvement of Sema3A in human patients of ALS has so far been supported by a correlative study in which changes in the levels of Sema3A in postmortem patients were shown 11 .
Here, we directly demonstrate the ability of Sema3A to reduce cell survival of human cortical neurons and in contrast, stimulate neuronal survival of human spinal MNs. The ability of Sema3A to reduce the survival of human cortical neurons is consistent with its ability to induce cell death of mouse cortical neurons 6 . More importantly, since Sema3A has been shown to be upregulated in the cortex of human patients of ALS, it is suggestive that this protein may be a contributing factor in the loss of neurons in the cortex of ALS patients.
The effect of Sema3A on spinal MNs is a bit more complicated to grasp. Sema3A is best known for its repellent activity on axons, and in most neuron types longer exposure for Sema3A will result in neuronal cell death 4, 6, 7, 21 . MNs are a bit unusual in that regard. First, MNs themselves as well as the astrocytes adjacent to them express Sema3A 8, 22 . Second, though Sema3A functions as a repellent for MNs, cell death was not detected 23 . On the contrary, in the mouse, Sema3A was able to improve spinal MNs survival in vitro and deletion of this gene in spinal astrocytes resulted in spinal MNs cell death over time 8 . In that regard, the prosurvival activity of the human Sema3A on spinal MNs is completely in agreement with the mouse data. However, the results from postmortem ALS patients are not entirely conclusive, although the mRNA for Sema3A in the spinal cord was lower compared to non-ALS postmortem samples, this difference was not statistically significant 11 . However, it is important to note that this was a small scale study including only eight patients, and Sema3A downregulation may be a characteristic of a subgroup of patients. It therefore would be important to test a larger cohort of samples to examine this point.
The accumulating data from mice on the involvement of Sema3A in spinal MNs well-being and ALS pathology may even be more complex. First, Sema3A upregulation in terminal Schwann cells in a mouse model of ALS may suggest that Sema3A may act as a destabilizing factor for the neuromuscular junction integrity 9 . However, we did not notice its effects on neurite growth of human spinal MNs. This may represent the difference between mouse and human MNs. Alternatively, the effects of Sema3A may be differential. Thus, it could act as a survival factor in the cell soma and perhaps a repent/destabilizing factor at the axon terminals. In this case, Campenot chambers will be needed to test these deferential and perhaps opposing functions.
Conclusions
Human cortical neurons are prone to cell death in the presence of Sema3A, while spinal MNs survival is supported by Sema3A. Taken together with the increase of Sema3A in the motor cortex of postmortem ALS patients and the tendency for lower expression in the spinal cord of postmortem ALS patients, our results imply that Sema3A functionally contribute to the pathology of ALS both at the level of the motor cortex and the level of the spinal cord. 
